Bradyrhizobium japonicum USDA 110 synthesized both extracellular and periplasmic polysaccharides when grown on mannitol minimal medium. The extracellular polysaccharides were separated into a high-molecularweight acidic capsular extracellular polysaccharide fraction (90% of total hexose) and three lower-molecularweight glucan fractions by liquid chromatography. Periplasmic glucans, extracted from washed cells with 1% trichloroacetic acid, gave a similar pattern on liquid chromatography. Linkage analysis of the major periplasmic glucan fractions demonstrated mainly 6-linked glucose (63 to 68%), along with some 3,6-(8 to 18%), 3-(9 to 11%), and terminal (7 to 8%) linkages. The glucose residues were a-linked as shown by 1H-nuclear magnetic resonance analysis. Glucan synthesis by B. japonicum cells grown on mannitol medium with 0 to 350 mM fructose as osmolyte was measured. Fructose at 150 mM or higher inhibited synthesis of periplasmic and extracellular 3-and 6-linked glucans but had no effect on the synthesis of capsular acidic extracellular polysaccharides.
The various species and strains of Rhizobium and Bradyrhizobium produce a variety of polysaccharides, including uronic acid-containing heteropolysaccharide (14, 30) and neutral glucans (8, 31) . In fast-growing Rhizobium species and in the related Agrobacterium species, the glucan fraction generally is composed of neutral cyclic ,-(1,2)-linked glucan oligosaccharides (3, 5, 12) . A f-(1,3)-linked glucan may be produced in some strains (9) ; a glycerophosphorylated cyclic-P-1,2-glucan (2) and a succinylated one (13) have also been reported.
The structure of the glucans of Bradyrhizobium japonicum was investigated by Dudman and Jones (8) , using strain 311b71a (USDA 71a). The glucans were resolved into two homogeneous fractions, termed C-glucan and S-glucan. The C-glucan contained twice as many (1, 3) -as (1, 6 )-links, while the S-glucan contained equal amounts of (1, 3) -and (1,6)-links. Certain strains of B. japonicum also excrete a P-(1,2)-linked glucan (7, 12) .
In other gram-negative bacteria, periplasmic glucans include the membrane-derived oligosaccharides (21) . Membrane-derived oligosaccharides in Escherichia coli consist of branched oligosaccharides with ,B-(1,2)-and ,B-(1,6)-linkages (4, 15) and 10 to 12 glucose residues (20) . They may be substituted with various amounts of phosphatidylglycerol and phosphatidylethanolamine (16) . Synthesis of the membrane-derived oligosaccharides of E. coli and the periplasmic cyclic ,-(1,2)-glucans of Agrobacterium tumefaciens and Rhizobium trifolii appears to be regulated by the osmotic potential of the environment (15, 18) , suggesting a role in osmotic adaptation.
The function and regulation of the synthesis of glucans in B. japonicum have not been addressed. For this study, we chose B. japonicum USDA 110, which is very effective on soybeans. USDA 110 produced glucans with P-(1,3)-and P- (1, 6 )-linkages, but none that corresponded to the cyclic ,B-(1,2)-glucans of Rhizobium strains. The glucans were fractionated into three size classes, all of which were present in both the extracellular and periplasmic fractions. Their syn-* Corresponding author. thesis was reduced when cells were grown under high osmotic potential, suggesting their possible involvement in osmotic regulation.
MATERIALS AND METHODS
Bacterial strain and culture conditions. B. japonicum 61A89 (= USDA 110) was obtained from S. Smith, The Nitragin Co., Milwaukee, Wis. The defined liquid medium for glucan studies contained 12 mM MOPSO [3-(N-morpholino)-2-hydroxypropanesulfonic acid] (pH 6.9) and 10 mM NH4C1, plus salts (25) , carbon source, and osmolyte. In a preliminary study, mannose (50 to 400 mM) was used as both carbon source and osmolyte, since USDA 110 produces almost no acidic capsular extracellular polysaccharide (EPS) on mannose (25) to interfere with the glucan isolation, and residual mannose does not interfere with gas-liquid chromatographic analysis of glucose. However, it was difficult to isolate glucan oligosaccharides from the culture supernatants by ethanol precipitation due to coprecipitation of the mannose. It was not possible to use ionic compounds as osmolyte, because growth of B. japonicum is inhibited by high salt concentrations. Also, a low-molecular-weight polyethylene glycol (PEG 200) was tried, but it proved toxic; high-molecular-weight polyethylene glycol (PEG 8000) precipitates with ethanol. Thus, in subsequent experiments, 50 mM mannitol was used as the carbon source, and 0 to 350 mM fructose was added as osmolyte. Fructose is much more soluble in ethanol than mannose and does not interfere with the precipitation of glucan. Cultures were inoculated with cells maintained on slants of yeast-mannitol medium (28) and were grown to stationary phase at 28°C on a gyratory shaker. Growth was followed turbidimetrically, using a Klett colorimeter equipped with a red filter, and final cell numbers were determined by viable counts.
EPS. Cells from 150 ml of stationary-phase culture were pelleted by centrifugation and washed with a small volume of 12 mM MOPSO, pH 6.9. The supernatants were pooled and used for EPS isolations. Pellets that had a fluffy layer of encapsulated cells were stored for several days at 4°C to allow dissolution of the capsule before further washes (19) . BRAD YRHIZOBIUM GLUCANS 1519 Culture supernatants were concentrated by freeze-drying to about a 50-ml final volume. They were adjusted to an alkaline pH with NH40H and chilled. The resulting precipitate was removed by centrifugation and discarded, and the EPS-containing supernatant was freeze-dried. The residue was dissolved in water to 12 ml, and EPS was precipitated by adding 100% ethanol to a final concentration of 90% (vol/vol) and chilling on ice. EPS was pelleted by centrifugation, air dried, dissolved in water and precipitated with ethanol to 90%, centrifuged, and dried. It was dissolved in a minimal volume of 15% (vol/vol) acetic acid, generally 3 to 5 ml.
Extractable glucans. Periplasmic glucans were extracted from washed cell pellets by suspending in 2 ml of 1% trichloroacetic acid (wt/vol) (TCA) at 24°C. The cells were pelleted and extracted twice more (18) . Supernatants were pooled, neutralized with NH40H, diluted with 20 ml of water, centrifuged to clarify, and freeze-dried. Residues were dissolved in 0.5 ml of 15% (vol/vol) acetic acid, and glucans were precipitated by adding 5 ml of 100% ethanol and chilling on ice for 1 h. The glucans were pelleted by centrifugation, washed in 1 ml of cold 95% ethanol, air dried, and dissolved in 1 ml of 15% acetic acid for storage or further purification by liquid chromatography.
Liquid chromatography. The EPS and glucans from a 1-ml sample were fractionated on a column (1.5 by 115 cm) of Bio-Gel P-6 (-400 mesh; exclusion limit, 6,000 daltons for peptides), using 15% (vol/vol) acetic acid at room temperature as solvent and collecting 2.7-ml fractions. Total hexose in each fraction was measured by using anthrone reagent (24) , with glucose as a standard. Cyclic ,-(1,2)-linked glucan from A. radiobacter, provided by W. F. Dudman, was used as a standard.
Gas-liquid chromatography. Alditol acetate derivatives of fractions from liquid chromatography were made by the method of Albersheim et al. (1) . A Supelco SP2330 widebore capillary column operated at 200°C in a HewlettPackard HP5700-A gas chromatograph fitted with a flame ionization detector was used for analysis.
Glycosyl linkage composition analysis. Partially methylated, partially acetylated alditol acetates of the TCA-extracted glucans were prepared by the method of Hakamori (11) as described by Gross (10) . Polysaccharides were purified with a Sep-Pak Cl8 cartridge, reduced, and acetylated.
Derivatives were identified by relative retention times by capillary gas-liquid chromatography and subsequent spectral analysis of fragmentation patterns after electron impact mass spectrometry. Flame ionization capillary gas-liquid chromatography was used for quantification according to the effective carbon responses of the derivatives (23 
RESULTS
Fractionation of polysaccharides. Chromatography of the EPS from supernatant of cells grown on mannitol medium on Bio-Gel P-6 yielded several peaks of anthrone-reactive material (Fig. 1A) . The first peak, eluting in the void volume, is the capsular polysaccharide (26, 27) . It was adsorbed on passage through DEAE-cellulose at pH 7.5 (data not shown), thus confirming its acidic nature. Note that the capsule constituted >90% of the total hexose equivalents in the secreted polysaccharide (Fig. 1A) . Polysaccharide from TCA extracts of the cells yielded the same qualitative profile (Fig. 1F) . The presence of small amounts of capsule was presumably due to incomplete removal during washing and was not always observed. Peaks I to III (Fig. 1F) , of lower molecular weight than the acidic EPS, contained only glucose upon analysis by gas-liquid chromatography and were not adsorbed by DEAE-cellulose (data not shown). These peaks (I to III) thus constitute the intracellular neutral glucan fraction. These glucans were not extractable by repeated washings of the cells with the 12 mM MOPSO buffer, but were released by treatment with TCA. Similar fractions also were present in the culture supernatant (Fig. 1A, peaks I to  III) . A low-molecular-weight peak (peak LMW) appeared beyond fraction 60 (Fig. 1) . The reaction of this fraction with anthrone reagent gave a noncharacteristic color, indicating the presence of nonhexose components.
Linkage analysis of glucans. Linkage analysis was performed on glucan peaks I to III from the TCA extract of the cells (Table 1) . Peaks I to III were qualitatively similar, composed mainly of 6-linked glycosyls, with lesser amounts of 3,6-, and some 3-, 4-, and terminal linkages. The proportion of 3,6-linkages tended to decrease with decreasing molecular weight (i.e., increasing elution volume) ( Table 1) . The glucan present in the low-molecular-weight fraction contained almost entirely 4-and 2-linkages, with some terminal residues ( Table 1) .
Effect of osmolyte on cell growth and polysaccharide synthesis. Figure 1 shows the effect of fructose osmolyte on the production of EPS and TCA-extractable polysaccharides. Addition of 50 mM fructose had a stimulatory effect on extracellular glucan synthesis (Fig. 1B) , though this may have been caused by the presence of the additional carbon source (fructose) rather than the increased osmotic potential. Further increasing the fructose concentration to 150 ( Fig. 1C and H) , 250 ( Fig. 1D and I) , and finally 350 ( Fig. 1E and J) mM caused a progressive decrease in the total 6-and 3,6-linked glucans (peaks I to III).
Note that increasing concentrations of fructose osmolyte had no significant effect on acidic capsular EPS synthesis (Fig. 1A to E) .
The addition of increasing amounts of fructose osmolyte to the mannitol medium progressively inhibited the growth rate (Fig. 2B ) while inhibiting intracellular glucan synthesis ( Fig. 2A) . Mannose osmolyte, though having the same inhibitory effect on intracellular glucan synthesis ( Fig. 2A) , tended to increase growth rate when added up to 200 mM and then caused a decrease at higher concentrations (Fig.  2B) . DISCUSSION B. japonicum USDA 110 produced small amounts of neutral glucan and much larger amounts of acidic capsular EPS. The glucan was resolved by liquid chromatography into three fractions (Fig. 1A and F Lettered arrows at the top indicate elution peaks of dextran 10,000 (a), A. radiobacter cyclic P-1,2-glucan (b), maltoheptaose (c), and glucose (d). The leftmost number within each graph refers to total acidic capsular polysaccharide, which eluted at the void volume, and the rightmost is total glucan in peaks I through III, all expressed as micrograms of hexose per 109 cells. The peaks at the lower-molecular-weight (LMW) region (F to J) were shown by 1H-NMR to contain only a little hexose and gave an abnormal color in the anthrone reaction. The large amount of hexose appearing beyond fraction 70 in panels C to E is the low-molecular-weight monomer peak.
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USDA 71a is likely in group 11 (14) . Thus, slight differences in glucan composition are not unexpected.
The glucans did not adsorb onto DEAE-cellulose, indicating that they were neutral, and the only sugar present was glucose, as shown by gas-liquid chromatography. Since the linkage compositions of the three glucan fractions of USDA 110 were almost identical (Table 1) , the differences in their mobility on liquid chromatography may be due to size Thus, this resonance may be indicative of a phosphocholinesubstituted glucan. No similar resonance was observed in the other glucan fractions, indicating that they may be unsubstituted.
A fourth peak of material from strain USDA 110 was also resolved by liquid chromatography (Fig. 1, peak LMW) . The glucan in this peak contained largely 2-linkages, with lesser amounts of 4-and terminal linkages ( Table 1 ). This peak may in part correspond to the a-(1,2)-glucan kojihexaose (29) ; indeed, it coeluted from the column with maltohexaose (Fig.  1A) , suggesting a similar size, though the presence of 4-linkages indicates that the peak may contain other glucans.
Interestingly, no P-(1,2)-linked cyclic glucan was produced by B. japonicum USDA 110. 3-(1,2)-Linked cyclic glucan from A. radiobacter eluted from the Bio-Gel P-6 column with a peak at fraction 46. Figure 1F shows that this is at the trailing edge of glucan peak I, which includes only 3-and 6-links (Table 1) . Thus, strain USDA 110 differs from the fast-growing rhizobia which produce cyclic P-(1,2)-linked glucans.
Synthesis of these glucan fractions is not dependent on an external organic carbon source, since cells grown chemoautotrophically under an atmosphere of CO2 and H2 produced TCA-extractable glucans in a pattern qualitatively and quantitatively similar to that of Fig. 1F (data not shown) . Synthesis may be influenced by carbon source, though, since less glucan tended to be made in mannose cultures than in mannitol-fructose cultures (Fig. 2A) . The observation that increasing concentrations of either mannose or fructose osmolyte had opposite effects on growth rate but similar effects on intracellular glucan synthesis (Fig. 2) indicates that glucan synthesis was responding to the osmotic potential of the medium, rather than to the growth rate of the cells.
Synthesis of the 3-and 6-linked glucan fractions I to III was inhibited at concentrations of osmolyte of 150 mM or greater (Fig. 1) . This osmotic effect was specific for these glucans, as there was no consistent effect of osmolyte on secretion of acidic capsule (Fig. 1A to E) . Note that the loss of glucan from the intracellular fraction cannot be explained merely as its transfer to the extracellular fraction, since at high osmolyte concentration both fractions were considerably decreased (Fig. 1E and J) .
We thus conclude that B. japonicum USDA 110 produces several 3-and 6-linked glucans that may be involved in osmotic regulation. As pointed out by Smith et al. (22) , rhizobia would be expected to have a sophisticated array of osmoregulatory mechanisms, including the accumulation of the osmoprotectant glycine betaine. The interplay among these various osmoregulatory mechanisms remains to be elucidated. 
ADDENDUM
Recently, Miller and co-workers (17) have characterized the cell-associated oligosaccharides of four B. japonicum strains, including USDA 110. The oligosaccharides were shown to be neutral, circular glucans with -1, 3-and 1-1, 6-linkages and are presumably the same as those described in the present study.
